Introduction
Diabetes mellitus (DM) is one of the major health problem worldwide. It is characterized by hyperglycemia resulting from deficiencies in insulin secretion and/or insulin action (1) . Chronic hyperglycemia can lead to a variety of complications such as neuropathy, nephropathy, and retinopathy and increased risk of cardiovascular diseases (2) . Globally, 2.8% of the world's population suffers from diabetes and this is predicted to be 5.4% by 2025 (3) . In Turkey, 7.4% of the population suffers from diabetes and it is estimated that the number of patients will reach 9.6% of the population by 2030 (4) .
Studies on diabetes therapy have gained interest due to its unwanted effects on quality of life, e.g., changing lifestyles lead to reduced physical activity and increased obesity (4) . In diabetes treatment, the current drugs have higher costs, limited efficacy and tolerability, and/ or significant side effects (5) . As a result of these factors, patients often have recourse to alternative forms of therapy such as herbal medicines. Herbal medicine usage for diabetes treatment is especially common in West Africa, Central America, and Asia (6, 7) . According to an estimation published by the World Health Organization (WHO), approximately 80% of diabetic patients presently rely on herbal medicine for their treatment. Unfortunately, pharmacological and toxicological evidence validating the safety and efficacy of these medicinal plants is not readily available (8) .
Cinnamic acid (3-phenyl-2-propenoic acid, CA) ( Figure 1 ), a major component of Chinese cinnamon, is a white crystalline phenolic compound with a lowintensity sweet, honey-like aroma (9) . It exists in many fruits, vegetables, and beverages including blueberry, kiwi, cherry, plum, apple, pear, chicory, artichoke, potato, cider, and coffee (10) . CA and its derivatives possess a variety of pharmacologic properties such as antioxidant, hepatoprotective, antimalarial, and antityrosinase activities (11, 12) . It was shown that they exert cytoprotective, antigenotoxic, and antioxidant effects in in vitro and antitumor activities in experimental animal models (13) (14) (15) . They are important components of flavorings, perfumes, synthetic dyes, and pharmaceuticals (16) .
To our best knowledge, there was no study conducted to investigate the effects of CA on DNA damage, oxidative stress parameters, hepatic enzyme levels, and lipid profiles in diabetic rats. Thus, the aim of this study was to evaluate the protective role of CA on diabetesinduced oxidative damage in the blood, liver, and kidney cells of rats. Diabetes was induced by streptozotocin (STZ), a glucosamine-nitrosourea compound derived from Streptomyces achromogenes that is used clinically as a chemotherapeutic agent in the treatment of pancreatic β-cell carcinoma. STZ damages pancreatic β cells, resulting in hypoinsulinemia and hyperglycemia (17) . In addition, STZ is a source of free radicals that can also contribute to DNA damage and subsequent cell death (18) . In this study the comet assay was used for the determination of DNA damage. Oxidative stress parameters such as superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione S-transferase (GST), and glutathione peroxidase (GSH-Px) activities and 8-hydroxy-2'-deoxyguanosine (8-OHdG), total glutathione (GSH), and malondialdehyde (MDA) levels in the plasma, liver, and kidney tissues; hepatic enzyme parameters such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (AP), and gamma-glutamyl transferase (GGT) levels in serum; and insulin levels in plasma and blood lipid profiles such as triglyceride, total cholesterol, high-density lipoprotein (HDL), and lowdensity lipoprotein (LDL) levels were also measured.
Materials and methods

Chemicals, kits, and equipment
The chemicals used in this study were purchased from the following suppliers: normal melting agarose and low melting point agarose from Boehringer Manheim (Mannheim, Germany); sodium chloride (NaCl), sodium hydroxide (NaOH), and potassium chloride (KCl) from Merck Chemicals (Darmstadt, Germany); dimethyl sulfoxide (DMSO), ethidium bromide (EtBr), Triton-X-100, phosphate-buffered saline (PBS) tablets, trichloroacetic acid, thiobarbituric acid, ALT assay kit, AP kit, AST assay kit, GGT assay kit, insulin assay kit, bicinchoninic acid (BCA) protein kit, HDL-LDL assay kit, total cholesterol assay kit, triglyceride assay kit, STZ, and CA from Sigma-Aldrich Chemicals (St Louis, MO, USA); ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-Na 2 ), sodium lauroyl sarcosinate, and Tris from ICN Biomedicals Inc. (Aurora, OH, USA); 8-OHdG assay kit, SOD assay kit, CAT assay kit, GR assay kit, GSH-Px assay kit, GST assay kit, and GSH assay kit from Cayman Chemicals Co. (Ann Arbor, MI, USA); and ketamine hydrochloride from Eczacıbaşı (İstanbul, Turkey). For spectrophotometric and spectrofluorometric measurements SpectraMax M2 (Molecular Devices, Sunnyvale, CA, USA) and for quantification SoftMax Pro Software (Molecular Devices) were used.
Animals
Wistar albino rats (180-250 g, totally 24 rats) were used in all experiments. They were housed in plastic cages with stainless steel grid tops. Rats were maintained on a 12-h light/dark cycle with controlled temperature (23 ± 2 °C) and humidity (50%). Animals were fed with standard laboratory chow and allowed to access feed and drinking water ad libitum. The blood glucose levels of animals were measured before the experiments. The animals were treated humanely and with regard for alleviation of suffering and the study was approved by the Ankara University Animal Ethics Committee (2015-12-138).
Streptozotocin-induced diabetes mellitus model
Wistar rats were subjected to type 1 diabetes by STZ injection (60 mg/kg freshly prepared in PBS) as previously described (19) . Two days later, blood was taken from tails of rats using a lancet to measure the blood glucose levels using a glucometer (Plusmed, İstanbul, Turkey). Rats with a blood glucose level higher than 250 mg/dL were considered to be diabetic.
Experimental design
The rats were divided into four groups:
Group 1: Sham group (n = 6). This group consisted of animals treated with oral saline alone.
Group 2: Diabetic group (n = 6). This group consisted of animals in which only diabetes was induced and the animals were treated with oral saline.
Group 3: CA-treated group (n = 6). This group consisted of animals treated with an oral dose of 50 mg/kg b.w. CA in saline for 28 days.
Group 4: CA-treated diabetic group (n = 6). This group consisted of animals treated with an oral dose of 50 mg/ kg b.w. CA in saline following the induction of diabetes for 28 days.
The CA dose (50 mg/kg b.w. per os) was selected according to our unpublished studies. At the end of the experimental period, all animals were decapitated under anesthesia (90 mg/kg ketamine hydrochloride, i.p.). Cardiac blood was collected into preservative-free heparin tubes. Whole blood samples were obtained via the intracardiac method. The serum was immediately separated by centrifugation at 2000 rpm for 15 min. The plasma was immediately separated by centrifugation at 4000 rpm for 5 min at 4 °C. The serum and plasma samples were stored at -80 °C until being assayed. Livers and kidneys were removed. The organs were examined for changes in size, color, and texture. The samples were kept in the dark at 4 °C and processed within 4 h for comet assay. The serum, plasma, liver, and kidney homogenates were kept at -80 °C for the determination of oxidative stress parameters, hepatic enzymes, and lipid profiles.
Comet assay (single-cell gel electrophoresis)
For the comet assay, blood samples and liver and kidney homogenates were used. The liver and kidney tissues were carefully dissected from their attachments and totally excised. Preparation of a single-cell suspension from the organs was performed according to standard procedures (20, 21) . Briefly, approximately 0.2 g of each organ was placed in 1 mL of chilled mincing solution (HBSS with 20 mM EDTA and 10% DMSO) in a petri dish and chopped into pieces with a pair of scissors. The pieces were allowed to settle and the supernatant containing the single-cell suspension was taken. The concentrations of renal and hepatic tissue cells in the supernatant were adjusted to approximately 2 × 10 6 cells/mL in HBSS containing 20 mM EDTA/10% DMSO.
The basic alkaline comet assay of Tice et al. (21) as further described by Bacanlı et al. (22) was performed. Cells were embedded on agarose gel and lysed, and fragmented DNA strands were drawn out by electrophoresis to form a comet. After electrophoresis, the slides were neutralized and then incubated in 50%, 75%, and 98% alcohol for 5 min each. The dried microscopic slides were stained with EtBr (20 mg/mL in distilled water, 60 mL/slide) and scored with a Leica fluorescence microscope (Wetzlar, Germany) under green light. The microscope was connected to a charge-coupled device camera and a personal computerbased analysis system (Comet Analysis Software, version 3.0, Kinetic Imaging Ltd., Liverpool, UK) to determine the extent of DNA damage after electrophoretic migration of the DNA fragments in the agarose gel. In order to visualize DNA damage, 100 nuclei per slide were examined at 40× magnification. Results were expressed as the percentage of DNA in the tail (tail intensity).
Determination of biochemical parameters
The determination of insulin, total bilirubin, and BCA protein levels in the plasma samples was performed spectrophotometrically with assay kits at 450, 530, and 562 nm, respectively. Results were expressed as µIU/mL, mg/ dL, and µg/mL, respectively.
Determination of liver enzyme levels
The determination of ALT, AST, AP, and GGT levels in the serum samples was performed spectrophotometrically with assay kits at 570, 450, and 418 nm, respectively. Results were expressed as mU/mL.
Determination of lipid levels
The determination of HDL, LDL, total cholesterol, and triglyceride levels in the serum samples was performed spectrophotometrically with assay kits at 570 nm. Results were expressed as µg/mL for HDL, LDL, and total cholesterol and mg/dL for triglyceride levels.
Determination of oxidative stress parameters
Oxidative stress parameters were assayed in the plasma samples and in liver and kidney homogenates. The liver and kidney tissues were extracted, weighed, and subjected to homogenization and sonication procedures (23) . The homogenates of the tissue samples were kept at -80 °C until the time of analysis.
The determination of CAT, SOD, GR, GST, and GSH-Px enzyme activities and GSH levels in the plasma samples and liver tissues and 8-OHdG levels in the plasma samples was performed spectrophotometrically using kits following the manufacturer's procedures at 540, 440, 340, 340, 420, 420, and 535 nm, respectively. Results were expressed as mmol min -1 mg -1 for enzyme activities, µM for GSH, pg/mL for 8-OHdG, and nmol/g for MDA levels.
Statistical analysis
Analysis of data was performed using SPSS 20.0 for Windows (IBM Corp., Armonk, NY, USA). The distribution of the data was checked for normality using the Kolmogorov-Smirnov test. The homogeneity of the variance was verified by the Levene test. The differences among the groups with normal distribution were evaluated by the one-way analysis of variance (ANOVA) test and post hoc analysis of group differences was performed by the LSD test. The differences among the groups without normal distribution were evaluated by Kruskal-Wallis test. The results were given as mean ± standard deviation. P < 0.05 was considered statistically significant.
Results
Comet assay
The DNA damage, expressed as tail intensity in the blood, liver, and kidney cells of rats, is shown in Figure 2 . In all biological samples there were no statistically significant differences in tail intensity between the sham group and the CA-treated groups (P > 0.05). The DNA damage was found significantly higher in the diabetic group compared to the sham group (P < 0.05). CA treatment in the diabetic group was found to decrease the DNA damage significantly (P < 0.05).
Biochemical parameters
The insulin, total bilirubin, and BCA protein levels in the plasma samples are shown in Table 1 . The insulin levels were significantly decreased in the diabetic group compared to the sham group (P < 0.05) and the levels increased significantly in the CA-treated diabetic group compared to the diabetic group (P < 0.05).
There was no significant increase between the sham and the diabetic group in the total plasma bilirubin and plasma BCA protein levels.
Liver enzyme levels
The serum ALT, AST, AP, and GGT levels in the groups are shown in Table 2 .
The ALT, AST, AP, and GGT levels were significantly increased in the diabetic group compared to the sham group (P < 0.05). The serum AST levels in the CA-treated diabetic group were found to be significantly lower than in the diabetic group (P < 0.05). There were also decreases in the levels of ALT, AP, and GGT in the CA-treated diabetic group compared to the diabetic group, but these differences were not statistically significant.
Lipid levels
The serum HDL, LDL, total cholesterol, and triglyceride levels are shown in Table 3 .
The LDL, total cholesterol, and triglyceride levels were significantly higher in the diabetic group compared to the sham group (P < 0.05). The LDL, total cholesterol, and triglyceride levels in the serum samples of the CA-treated diabetic group were found to be significantly lower than in the diabetic group (P < 0.05). The HDL levels were significantly decreased in the diabetic group compared to the sham group (P < 0.05), but the HDL levels in the serum samples of the CA-treated diabetic group were found to significantly increase in the diabetic group (P < 0.05).
Oxidative stress parameters
The CAT, SOD, GR, GST, and GSH-Px enzyme activities; the GSH and MDA levels in the plasma, liver, and kidney tissues; and the plasma 8-OHdG levels are shown in Tables  4, 5 , and 6, respectively.
The CAT, SOD, GSH-Px, and GST enzyme activities and GSH levels were found to be significantly lower in the diabetic group compared to the sham group (P < 0.05). CAT, SOD, and GSH-Px enzyme activities and GSH levels in the plasma, livers, and kidneys increased significantly in the CA-treated diabetic group compared to the diabetic group (P < 0.05). GST levels of the CA-treated diabetic group were higher than in the diabetic group, but the difference was not statistically significant. There was no significant increase between the sham and CA-treated diabetic groups.
Plasma 8-OHdG and MDA levels and plasma, hepatic, and renal GR enzyme activities were found to significantly increase in the diabetes group compared to the sham group (P < 0.05). The levels were found to significantly decrease in the CA-treated diabetic group compared to the diabetic group (P < 0.05). CA alone did not cause significant changes in any of the studied oxidative stress parameters compared to the sham group (P > 0.05).
Discussion
The antihyperglycemic activity of medicinal plants or plantderived products needs extensive research as the number of diabetic patients is continuously on the rise according to WHO projections (24) . In animal studies, phenolic acids have been reported to exert antiinflammatory, antioxidant, antidiabetic, antimutagenic, anticarcinogenic, and body mass-reducing activities. Cinnamic acid is the parent compound of its esters, which are more volatile to be transported to other parts easily (25, 26) .
It is known that oxidative stress results from an imbalance between the generation of oxygen-derived radicals and the antioxidant system. Numerous studies have shown that diabetes is associated with increased formation of free radicals and decrease in antioxidant potential. In both types of diabetes, oxidative stress is increased. Multiple factors can cause oxidative stress in diabetes. The most important factor is glucose autoxidation, leading to the production of free radicals. Other factors include cellular oxidation/reduction imbalances and reduction in antioxidant defenses (including decreased cellular antioxidant levels and a reduction in the activity of enzymes that dispose of free radicals). Another important factor is the interaction of advanced glycation end products (AGEs) with specific cellular receptors called AGE receptors. Elevated levels of AGEs are formed under hyperglycemic conditions. Their formation is initiated when glucose interacts with specific amino acids on proteins, forming a compound that then undergoes further chemical reactions. Glycation of protein alters protein and cellular function and the binding of AGEs to their receptors, which can lead to modification in cell signaling and further production of free radicals (27) . The other nonenzymatic factors are activation of NAD(P)H oxidases, nitric oxide synthase, and a specific enzyme activity, xanthine oxidase, which produces oxidant species and subsequent oxidative stress (28) (29) (30) . Table 2 . Liver enzyme levels of plasma samples of experimental groups.
ALT levels (mU/mL) AST levels (mU/mL) AP (mU/mL) GGT levels (mU/mL) The values are expressed as mean ± standard deviation; a statistically different from sham group (P < 0.05); b statistically different from diabetes group (P < 0.05). Group 1: Sham; Group 2: diabetic rats; Group 3: CA (50 mg/kg)-treated rats; Group 4: CA (50 mg/kg)-treated diabetic rats. HDL: High-density lipoprotein; LDL: low-density lipoprotein. Table 5 . Oxidative stress parameters in the livers of experimental groups. The values are expressed as mean ± standard deviation; a statistically different from sham group (P < 0.05); b statistically different from diabetes group (P < 0.05). Group 1: Sham; Group 2: diabetic rats; Group 3: CA (50 mg/kg)-treated rats; Group 4: CA (50 mg/kg)-treated diabetic rats. CAT: Catalase; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase; GR: glutathione reductase; GSH: glutathione; GST; glutathione S-transferase, MDA: malondialdehyde. Numerous reports have documented elevations in peroxide levels in plasma, red blood cells, and tissues of animals with chemically induced diabetes (31, 32) . In diabetic patients, both increases and decreases in the activities of key antioxidant enzymes including CAT, SOD, GSH-Px, and GR have been reported (33, 34) . In a pediatric study, antioxidant activity was found to be decreased in relation to poor glycemic control (35) . It is also shown that oxidative stress exists in diabetic patients, as evidenced by increased total antioxidant capacity in the saliva and blood of patients (36) .
In the present study, we evaluated the ameliorative effects of CA against STZ-induced diabetes and its complications in Wistar albino rats. We found that STZinduced diabetes caused an increase in hepatic enzyme (ALT, AST, AP, and GGT) levels and a decrease in insulin levels compared to the sham group. There was no significant increase between the sham and diabetic groups in the total bilirubin levels of plasma samples. As far as we know, this is the first study about the correlation between diabetes and BCA protein levels. We found no significant differences between the sham and diabetic groups in BCA protein levels in the plasma samples. Diabetic rats have significantly lower HDL but significantly higher LDL, total cholesterol, and triglyceride levels when compared to the sham group. When evaluating the oxidative stress parameters, GSH levels and activities of CAT, SOD, GSHPx, and GST were significantly lower while 8-OHdG and MDA levels and activities of GR were significantly higher in the diabetic group compared to the sham group. CA itself did not induce abnormalities in the oxidative stress parameters. It also ameliorated the oxidative damage induced by diabetes.
Inhibition of α-glucosidase may be effective in diabetes therapy. Due to this effect, mammalian α-glucosidase inhibitors from natural sources can be beneficial in the prevention and treatment of DM. Adisakwattana et al. (37) demonstrated the α-glucosidase inhibitory activity of cinnamic acid derivates against intestinal sucrase inhibitors. It was shown that cinnamon extracts (50, 100, 150, and 200 mg/kg), which include CA significantly, decreased the blood glucose and lipid levels in mice (38) . Ping et al. (39) studied the hypoglycemic effect of cinnamon oil, which contains water-soluble polyphenol type A polymer, cinnamaldehyde, and cinnamic acid as active compounds, in a type 2 diabetic animal model. They found that fasting blood glucose concentration was significantly decreased in the 100 mg/kg group compared to other groups. In addition, they found significant decreases in plasma C-peptide, serum triglyceride, total cholesterol, and blood urea nitrogen levels while serum HDL levels were significantly increased after 35 days. Huang et al. (40) reported that caffeic and cinnamic acids improved glucose uptake in TNF-α-treated insulin-resistant FL83B cells. The same group treated the mouse FL83B cells with TNF-α to induce insulin resistance to evaluate the effects of caffeic and cinnamic acids on glucose metabolism. They found that caffeic and cinnamic acids increased the expression of glycogen synthase, whereas the expression of glycogen synthase kinase and phosphorylation of glycogen synthase in Ser641 in insulin-resistant mouse hepatocytes was decreased. The compounds suppressed the expression of hepatic nuclear factor-4 in TNF-α-treated mouse FL83B hepatocytes. They concluded that caffeic and cinnamic acids ameliorated glucose metabolism by promoting glycogenesis and inhibiting gluconeogenesis in TNF-α- (46) reported that CA activates insulinmediated glucose transport. Yibchok-anun et al. (47) showed that oral administration of p-methoxycinnamic acid (40-100 mg/kg) significantly decreased plasma glucose and also increased plasma insulin concentrations in both healthy and STZ-induced diabetic rats.
There are limited studies about genotoxic damage caused by DM. In these studies, it is claimed that reactive oxygen species production could cause DNA damage in diabetes. Kushawa et al. (48) determined the DNA damage in lung, liver, aorta, heart, kidney, pancreas, and blood samples of experimentally induced diabetic rats by standard comet, endonuclease III, and formamidopyrimidine modified comet assays. They showed that DNA damage was significantly higher in the diabetic group compared to the nondiabetic group.
In this study, the DNA damage in the blood, liver, and kidney cells in the diabetes-induced rats were found to be higher compared to the sham group. CA treatment (50 mg/kg daily, per os) was found to significantly decrease the DNA damage in the blood, liver, and kidney cells of the diabetic rats. Our results are in accordance with previous reports about diabetes, its complications, and the effects of natural antioxidants against diabetes.
In conclusion, diabetes is affecting a significant proportion of the population worldwide. It affects many organs, including the pancreas, kidneys, and liver. The disease is associated with a reduced quality of life and increased risk factors for mortality and morbidity. In diabetes treatment, traditional herbal folk medicines are getting popular. Due to their antioxidant properties, herbal products give positive and promising results. With the overall results of the present study, we have demonstrated that STZ-induced diabetic rats have DNA damage and alterations in hepatic enzymes, lipid profiles, and biochemical and oxidative stress parameters. CA treatment was found to be protective against diabetesinduced damage in the blood, liver, and kidneys of rats. Further in vitro, in vivo, and epidemiological studies are required to clear up the role of CA in prevention and management of diabetes and its complications.
